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6.1	 Chapter	 I:	 Validation	 of	 delayed	 gadolinium	 –	 enhanced	 magnetic	 resonance	












6.2	 Chapter	 II:	 Delayed	 gadolinium-enhanced	 magnetic	 resonance	 imaging	 of	 the	











































































	 Osteoarthritis	 (OA)	 is	 one	 of	 the	 principal	 causes	 of	 lameness	 and	 leads	 to	 early	
retirement	 of	 equine	 athletes.	 The	 distal	 interphalangeal	 joint	 (DIPJ)	 experiences	
considerable	loads	during	exercise	and	is	commonly	affected	with	OA	in	sport	horses.	Since	
early	 articular	 cartilage	 degeneration	 may	 not	 result	 in	 lameness,	 it	 is	 essential	 to	 use	
imaging	 modalities	 that	 can	 identify	 cartilage	 lesions	 early,	 especially	 if	 prevention	 and	
repair	of	damaged	cartilage	 is	to	occur.	Delayed	gadolinium	enhanced	magnetic	resonance	
imaging	 of	 cartilage	 (dGEMRIC)	 and	 T2	 mapping	 are	 quantitative	 MRI-techniques,	 which	
have	been	shown	to	reliably	identify	early	cartilage	degeneration	in	humans.		
	
	 In	 dGEMRIC,	 gadolinium,	 a	 negative	 contrast	 agent	 is	 used.	 In	 the	 event	 of	 OA,	
glycosaminoglycans	 (GAGs)	 are	 lost	 and	 the	 negative	 charge	 decreases,	 allowing	
proportional	 uptake	 of	 the	 contrast	 media	 into	 the	 cartilage.	 T2	 mapping	 is	 a	 reliable	
technique	 to	 visualize	 cartilage	 hydration,	 collagen	 integrity	 and	 orientation.	 Cartilage	
collagen	 structure	 and	 water	 content	 are	 other	 important	 organic	 cartilage	 components,	
which	are	affected	by	early	cartilage	degeneration.		
	
	 The	 premise	 that	 hyaline	 cartilage	 degeneration	 may	 be	 identified	 early	 holds	
considerable	 promise	 and	 warrants	 investigation	 of	 these	 MRI-techniques	 in	 horses.	 The	
project	 aims	 at	 1)	 establishing	 dGEMRIC	 and	 T2	 mapping	 techniques	 in	 the	 normal	 and	





weighted	 relaxation	 times	 before	 (T1)	 and	 after	 (T1Gd)	 intraarticular	 gadolinium	








O-Fast	 green,	 picrosirius	 red,	 toluidine	 blue,	 haematoxylin	 and	 eosin)	 and	
immunohistochemically	 (collagen	type	 II).	Cartilage	health	was	graded	macroscopically	and	
histologically.	Cartilage	 thickness	was	measured	histologically.	 The	 sites’	GAG	 (µg/mg)	and	
water	 content	 (%)	were	 determined.	 The	 T1-,	 T1Gd-	 and	 T2	 values	were	 correlated	 to	 the	
histological,	 macroscopic	 and	 biochemical	 data.	 The	 cartilage	 thickness	 measurements	
obtained	on	dGEMRIC	and	T2	maps	were	correlated	with	the	histomorphology.	Generalized	




	 The	 main	 results	 from	 this	 study	 related	 to	 the	 DIPJ	 are	 that	 dGEMRIC	 and	 T2	
mapping	was	established.	DGEMRIC	and	T2	maps	are	reliable	to	visualize	the	true	articular	
cartilage	 thickness	 in	 the	 normal	 and	 osteoarthritic	 equine	 DIPJ	 at	 areas	 of	 opposing	 and	
non-opposing	cartilage	surfaces.	A	topical	variation	of	T1-,	T1Gd-	and	T2	values	and	cartilage	
thickness	 measurements	 were	 shown.	 Varying	 degrees	 of	 naturally	 occurring	 DIPJ	 OA	
significantly	affected	dGEMRIC	relaxation	times,	potentially	having	important	consequences	
in	 early	 recognition	 of	 equine	 OA.	 However	 against	 our	 hypothesis	 T2	 maps	 were	 not	
sensitive	enough	to	depict	the	varying	degrees	of	OA	in	these	cadaver	DIPJs,	needing	follow-
up	investigation.	The	GAG	and	water	content	correlated	with	the	T1	value	and	the	cartilage	
macroscopic	 and	 histologic	 findings,	 however	 not	with	 the	 T1Gd	 value.	 The	water	 content	







limitations	 this	 study	 lays	 a	 foundation	 for	 future	 studies	 investigating	 promising	 cartilage	
specific	MRI	sequences.	The	study	provides	 technical	 information	and	reference	values	 for	






consequences	 in	 early	 recognition	 of	 OA	 in	 a	 research	 and	 later	 potentially	 in	 a	 clinical	
setting.	 Future	 studies	 need	 to	 further	 examine	 the	 use	 of	 intravenous	 administration	 of	


















1	 indeed,	 60%	 of	 lameness	 problems	 in	 horses	 are	 related	 to	 osteoarthritis	 (OA).	 For	
example:	The	U.S.	horse	population	is	currently	estimated	to	be	7.3	million	according	to	the	
American	Veterinary	Medical	Association.	This	means	that	over	4	million	horses	are	affected	








its	 use	 certain	 joints	may	 be	more	 likely	 affected	 than	 others.	 Racing	 is	 a	 large	 source	 of	
revenue	 and	 employment	 in	 many	 countries;	 therefore	 lameness	 in	 Thoroughbred	
racehorses	is	often	studied.	Twenty-five	per	cent	of	racing	Thoroughbreds	experience	pain	in	
the	 proximal	 metacarpo/metatarsophalangeal	 joint,	 4	 with	 this	 joint	 being	 the	 most	
commonly	 affected	 by	 traumatic	 and	 degenerative	 lesions	 of	 the	 appendicular	 skeleton,	
often	referred	to	as	overload	arthritis,	resulting	in	OA.	5,6	
	 	
	 In	 sport	 horses	 the	 distal	 interphalangeal	 joint	 (DIPJ)	 of	 the	 forelimb	 is	 a	 commonly	
affected	joint.	7	Despite	this	joint	being	commonly	affected,	it	remains	under	reported	in	the	
current	 veterinary	 literature.	 7-11	 The	 DIPJ	 is	 a	 classical	 hinge	 joint,	 where	 flexion	 and	
extension,	 latero-medial	 excursion,	 rotation	 and	 sliding	 are	 possible	 joint	 movements.	






sagittal	 plane	 (flexion	 and	 extension).	 When	 weight	 bearing	 on	 the	 circle	 or	 on	 uneven	
ground	there	is	a	rotational	and	sliding	movement	in	the	joint.	12	The	DIPJ	is	a	complex	joint	
consisting	of	the	articulation	between	the	middle	(MP)	and	the	distal	phalanges	(DP)	as	well	













	 Pain	 associated	with	 the	 DIPJ	 itself	 can	 be	 caused	 by	 synovitis,	 joint	 capsule	 and/or	






















	 The	 central	 structure,	 which	 constitutes	 the	 joint	 surface	 and	 its	 function,	 is	 the	
articular	 cartilage.	 Together	 with	 the	 synovial	 fluid	 articular	 cartilage	 enables	 frictionless	










Figure	 2:	 Schematic	 illustration	of	 the	different	contiguous	cartilage	zones	and	 the	characteristic	morphology	
and	orientation	of	 the	 chondrocytes	 (left	 side)	as	well	 as	 the	 typical	 orientation	of	 the	 collagen	 type	 II	 fibers	
(right	side).	 Illustrated	by	M.	Haab,	Equine	Department,	Vetsuisse-Faculty,	University	of	Zürich.	Adapted	 from	






in	 an	 alpha	 helix.	 17,18	 Further	 these	 fibrils	 are	 organised	 in	 a	 3-dimensional	 framework,	
which	accounts	 for	 the	 tensile	 strength	of	 the	articular	 cartilage.	 18	 In	 the	 superficial	 layer	
(tangential	 zone)	 (10	 -	 20	%	of	 the	 total	 cartilage	 thickness)	 the	 collagen	 fibers	 are	 tightly	
packed,	oriented	parallel	to	the	cartilage	surface	and	are	small	in	diameter.	This	layer	is	also	
named	 the	 armor	 plate	 layer	 referring	 to	 its	 toughness,	 resilience	 and	 skin	 like	 cartilage	
surface.	 14	 The	 resistance	 of	 the	 articular	 cartilage	 to	 tensile	 and	 shear	 forces	 is	 most	








the	 articular	 cartilages`	 tensile	 property.	 19	 The	 predominant	 crosslinks	 are	 3	 -	
hydroxypyridinium	crosslinks.	18	There	are	small	pores	between	the	fibers	of	the	superfical	
cartilage	layer	(diameter	6	nm).	These	pores	allow	small	molecules	such	as	glucose	and	ions	
to	 pass	 through,	 while	 large	 proteins	 such	 as	 hyaluronan	 cannot	 penetrate.	 14	 In	 the	
intermediate	layer	(tangential	zone)	the	collagen	is	randomly	arranged	(40	-	60	%	of	the	total	
cartilage	thickness).	 In	the	deep	layer	(radiate	zone)	collagen	type	II	fibrils	are	fewer,	more	




	 Proteoglycans	 are	 literally	 a	 combination	 of	 proteins	 and	 polysaccharides.	
Proteoglycans	 are	 interspersed	 between	 the	 above-described	 collagen-framework.	 The	
content	 of	 proteoglycans	 regulate	 the	 stiffness	 of	 the	 cartilage,	 and	 provide	 resistance	 to	
compressive	 forces.	 14	 In	 contrast	 to	 collagen	 fibers,	 the	 biggest	 amount	 of	 proteoglycans	
can	be	found	in	the	deep	zone	and	its	content	decreases	towards	the	surface.	19	Eighty-five	
per	 cent	of	proteoglycans	are	aggrecans.	 14	Aggrecan	molecules	 are	made	up	of	 a	protein	















sulfate,	 2	 =	 hyaluronan,	 3	 =	 link	 protein,	 4	 =	 chondroitin	 sulfate,	 5	 =	 core	 protein,	 6	 =	 a	 single	 aggrecan	
molecule.	 Illustration	 by	M.	 Haab,	 Equine	 Department,	 Vetsuisse-Faculty,	 University	 of	 Zürich.	 Adapted	 from	




GAG	 itself	 is	 constituted	 of	 repeating	 units	 of	 disaccharides.	 They	 are	 charged	 negatively	
because	of	 the	sulphated	and	carboxylated	radicals	 in	chondroitin	sulphate,	and	sulphated	
radicals	 in	 keratan	 sulphate.	 The	 charges	of	 the	polyanionic	 side	 chains	 repeal	 each	other	











	 Cartilage	 is	 a	 relatively	 acellular	 type	 of	 tissue	 with	 only	 few	 chondrocytes.	 The	
chondrocyte	morphology	 is	different	and	characteristic	 for	each	cartilage	 layer	 (see	Figure	
2).	 The	 superficial	 layer	 consists	 of	 flattened	 chondrocytes	 oriented	 parallel	 to	 the	 joint	
surface	and	densely	packed	collagen.	In	the	intermediate	layer	the	chondrocytes	are	larger	
and	more	round	to	ovoid	shaped,	whereas	towards	to	deep	layer	the	chondrocytes	are	the	
largest	 and	 oriented	 perpendicular	 to	 the	 joint.	 The	 tidemark	 separates	 the	 non-calcified	
radiate	 zone	 from	 the	 calcified	 zone,	where	mineralized	 cells	 and	 extracellular	matrix	 are	
predominant.	 Chondrocytes	 possess	 cytoplasmatic	 processes	 through	 which	 they	 can	





	 The	 subchondral	 bone	 is	 a	 thin	 plate	 of	 bone	 situated	 under	 the	 articular	 cartilage	
providing	contour	and	stability	to	the	articular	cartilage.	It	consists	of	cortical	bone	with	the	
Haversian	system.	The	histologic	appearance	 is	similar	to	other	cortical	bone,	however	the	
subchondral	 bone	plate	 has	 been	 found	 to	 be	much	more	deformable	 than	other	 cortical	
bone.	14	Remodelling	and	stiffening	of	the	subchondral	bone	plate	determine	the	amount	of	












phagocytosis,	 pinocytosis	 or	 protein	 secretion.	 There	 are	 different	 types	 of	 synoviocytes	
based	on	their	ultrastructure	and	their	immunohistological	characteristics.	Synoviocytes	type	
B	 are	 responsible	 for	 protein	 secretion	 and	 synoviocytes	 type	 A	 are	 responsible	 for	
phagocytosis	or	pinocytosis.	Synoviocytes	are	dynamic	cells	and	can	transition	from	one	type	
to	another.	The	transitional	type	of	synoviocyte	is	termed	the	C	type.	The	proteins	secreted	
by	 synoviocytes	 making	 up	 the	 composition	 of	 the	 synovial	 fluid	 include	 hyaluronan,	
collagen,	 lubricin,	 pro-matrix	 metalloproteinases,	 interleukins	 and	 eicosanoids.	 The	
subintimal	layer	is	made	of	fibrous	tissue	and	has	a	good	blood	supply	and	innervation.		
Synovial	 fluid	 is	 a	 dialysate	 of	 blood	 plasma	 with	 important	 proteins	 added	 by	 the	
synoviocytes.	Molecules	 less	 than	10	000	Dalton	can	pass	 through	 the	endothelium	of	 the	
vasculature	 of	 the	 subintima.	 Larger	 molecules	 such	 as	 hyaluronan	 and	 lubricin	 are	














	 Osteoarthropathy,	derived	 from	the	Greek,	 is	 the	general	 term	defined	as	disease	of	
the	joints	and	bones.	Disease	of	the	articular	cartilage	is	more	specifically	described	by	the	






histological	 and	 biochemical	 fields.	 Within	 the	 past	 decade	 research	 in	 these	 areas	 has	
progressed	enormously.	All	of	the	above	named	anatomic	structures	play	an	important	role	




of	 OA.	 21	 Cartilage	 degeneration	 results	 in	 abnormal	 biomechanical	 properties	 of	 the	
cartilage	leading	to	it`s	failure	under	physiological	loads.	
	 b)	Overuse	or	conformational	abnormalities	(i.e.	in	younger	athletic	horses)	can	lead	to	
excessive	 biomechanical	 forces	 acting	 on	 normal	 articular	 cartilage.	 The	 abnormal	 forces	
overwhelm	the	normal	metabolic	repair	mechanisms	of	the	articular	cartilage	and	failure	of	
the	articular	 cartilage	 is	 the	 consequence.	 The	abnormal	 loads	may	either	be	 repetitive	 in	
nature	 resulting	 in	 cartilage	micro	 damage	 or	 be	 a	 single	 traumatic	 event.	Micro	 damage	
accumulates	over	time	and	leads	to	cartilage	failure	when	the	normal	repair	process	of	the	
tissue	 is	 overwhelmed.	 A	 single	 traumatic	 event,	 immediately	 leads	 to	 failure	 without	 a	
chance	for	repair.		
	 c)	 Physiologically	 the	 density	 of	 the	 subchondral	 bone	 increases	 under	 load.	 If	 bone	




	 From	 the	 primarily	 injured	 tissue	 (articular	 cartilage,	 subchondral	 bone,	 synovial	
membrane)	 inflammation	starts	and	the	inflammatory	cascade	perpetuates	and	affects	the	
neighbouring	joint	tissues.	Cytokines	play	a	fundamental	role	 in	this	cascade.	The	primarily	
upregulated	 cytokine	 is	 interleukin	 (IL)	 -	 1β.	 17	 IL	 -	 1β	 has	 a	 multitude	 of	 pathogenic	
properties	 including	 the	 upregulation	 of	 the	 production	 of	 matrix-metalloproteinases	
(MMP’s),	 inhibition	 of	 the	 synthesis	 of	 their	 natural	 inhibitors	 and	 prevention	 of	 the	
synthesis	 of	 the	 major	 extracellular	 matrix	 components,	 such	 as	 collagens	 and	








-	 α	 leads	 to	 the	 upregulation	 of	 MMP’s.	 24	 MMP’s	 are	 degradative	 enzymes.	 Both	
synoviocytes	 and	 chondrocytes	 release	MMP’s.	 14	 The	 different	MMP’s	 as	 a	 collective	 are	
able	 to	 degrade	 every	 single	 component	 of	 the	 articular	 cartilage.	MMP’s	 can	 further	 be	
divided	 into	 three	different	 subtypes,	 19	 according	 to	 their	preferential	 substrate	 including	
collagenases,	 stromelysins	 and	 gelatinases.	 19	 Of	 the	 enzyme	 collagenase	 three	 different	
forms	have	been	isolated:	MMP	-	1,	MMP	-	8	and	MMP	-	13.	17	MMP	-	13	is	most	commonly	
involved	in	degradation	of	collagen	type	II	fibers	in	horses	and	humans.	Beside	MMP’s	there	





	 On	a	biochemical	 level,	one	of	the	first	 indications	of	OA	 is	decreased	proteoglycan	
content	 and	 increased	 water	 content	 of	 the	 extracellular	 matrix.	 25	 Physiologically	 the	
collagen	framework	limits	the	amount	of	water	that	can	be	attracted	by	the	GAGs.	22	In	the	
early	 stages	 of	 OA	 the	 collagen	 framework	 loses	 its	 organisation	 25	 allowing	 the	 GAGs	 to	
attract	more	water	and	the	water	content	of	the	extracellular	matrix	increases.	25	In	the	later	
stage	of	the	disease,	superficial	cartilage	fibrillation	as	well	as	breakdown	of	the	collagenous	





	 OA	 has	 been	 scored	 using	 macroscopic	 and	 microscopic	 scoring	 systems.	









	 Macroscopically	 articular	 cartilage	 appears	 smooth,	 milky	 or	 glasslike.	 In	 thinner	
areas	 the	cartilage	has	a	 slightly	pink	appearance,	because	of	 the	 translucent	 subchondral	











metacarpophalangeal	 joint	 cartilage.	 29	 Additionally	 the	 Outerbridge	 scoring	 system,	
originally	developed	for	the	grading	of	chondromalacia	of	human	patellae	30	may	be	used.	A	
technique	using	 India	 ink	 stain	of	 the	articular	 cartilage	 surface	has	also	been	 reported	 to	
help	 detect	 spontaneous	 OA.	 31	 India	 ink	 particles	 will	 not	 enter	 intact	 articular	 cartilage	
surface.	 However	 when	 the	 surface	 of	 the	 articular	 cartilage	 is	 fibrillated	 and	 the	
proteoglycans	 are	 depleted	 the	 stain	 has	 a	 high	 affinity	 to	 the	 damaged	 cartilage.	 Use	 of	





	 Histologically,	 the	 articular	 cartilage	 can	 be	 divided	 into	 the	 four	 morphologically	
different	zones	as	shown	above	in	Figure	2.	The	surface	of	healthy	articular	cartilage	appears	
smooth	 and	 constant	 under	 light	 microscopy.	 In	 early	 stages	 of	 OA,	 histological	 changes	






proteoglycan	 content	 results	 in	 loss	 of	 staining	 of	 the	 superficial	 zone	 in	 Safranin-O-Fast	
green	or	toluidine	blue	stained	sections.	In	further	stages,	fissures	of	the	superficial	zone	can	
be	noted.	As	OA	progresses	erosions	with	destruction	of	the	cartilage	surface	may	occur.	In	
early	 stages	 erosions	 are	 superficial	 and	 in	 later	 stages	 erosions	 may	 expand	 up	 to	 the	














unilateral	 or	 bilateral.	 In	 bilaterally	 lame	 horses	 clinical	 signs	 such	 as	 shortened	 strides,	
reluctance	 to	 jump	 and	 poor	 performance	 may	 occur.	 Upon	 palpation	 the	 dorsal	 DIPJ	
outpouching	may	be	effused	reflecting	a	certain	degree	of	synovitis.	Horses	may	show	signs	
of	pain	upon	hyperflexion	and	 rotation	of	 the	DIPJ.	 The	 lameness	may	be	 localised	 to	 the	
DIPJ	via	perineural	-	and/or	intraarticular	anaesthesia.		
	




space	 narrowing.	 36	 The	 ultrasonographic	 evaluation	 of	 the	 DIPJ	 is	 difficult	 and	 limited	 to	








ultrasonography	 can	 be	 used	 to	 image	 the	 central	 soft	 tissue	 structures	 within	 the	 hoof	
capsule.	37	This	simple	method	allows	imaging	of	the	digital	cushion,	the	deep	digital	flexor	
tendon,	 the	 distal	 recess	 of	 the	 podotrochlear	 bursa	 and	 the	 distal	 sesamoidean	 impar	
ligament.	 The	 flexor	 surface	 of	 the	 DP	 and	 distal	 sesamoidean	 bone	 can	 also	 be	 imaged.	
Unfortunately	the	frog	only	allows	visualization	of	the	central	structures	of	the	ventral	foot	
and	 not	 the	 structures	 medial,	 lateral	 and	 dorsal	 to	 the	 frog	 as	 the	 hoof	 capsule	 is	
impenetrable	by	ultrasound.		
	
	 Arthroscopy	has	been	 judged	as	a	valuable	tool	diagnosing	articular	cartilage	 lesions,	
however	the	arthroscopic	examination	of	the	DIPJ	is	limited	due	to	anatomic	constraints	and	
a	 large	portion	of	 the	weight-bearing	 surface	of	 the	articular	 cartilage	 cannot	be	assessed	
despite	joint	flexion	and	extension	during	the	procedure.	38	Additionally	only	the	superficial	






cases.	 T2	 -	 weighted	 images	 are	 of	 interest	 in	 OA	 because	 T2	 relaxation	 times	 are	 highly	
sensitive	 to	 tissue	 hydration.	 Generally	 on	 T2	 -	 weighted	 sequences	 subchondral	 bone,	
tendinous	and	 ligamentous	structures	are	hypointense	and	 fat,	 synovial	 fluid	and	cartilage	
are	 hyperintense.	 In	 degenerated	 cartilage	 the	 T2	 relaxation	 time	 increases,	 39	 due	 to	 the	
degradation	 of	 the	 collagen	 network	 and	 due	 to	 the	 increase	 in	 the	 overall	 content	 and	
mobility	of	water.	Focal	areas	of	increased	T2	relaxation	times	have	been	found	to	correlate	
to	arthroscopically	detected	cartilage	lesions.	40,41	T2	relaxation	times	have	also	been	linked	
to	 collagen	 content	 changes	 and	 have	 been	 found	 to	 inversely	 correlate	 with	 cartilage	







ligamentous	 structures	are	hypointense	and	 fat	 relatively	hyperintense.	T1	 relaxation	 time	
without	 contrast	 enhancement	 has	 also	 been	 shown	 to	 correlate	 with	 cartilage	 water	
content.	43		
	
	 Magnetic	 field	 strength	 is	 the	 main	 determinant	 of	 image	 contrast	 and	 image	
resolution.	44	Currently	clinically	used	magnets	range	from	0.5		-	3	tesla.	45	Depending	on	the	
field	strength,	rated	in	tesla,	magnets	are	divided	into	low-	(0.1	-	0.5	tesla)	and	high	field	(1.5	






in	 cadaver	 limbs,	 10	 whereas	 experimentally	 created	 full	 thickness	 erosions	 (8	 mm	 in	
diameter)	were	always	detected	using	T1	weighted	gradient-recalled	echo	sequences.	10	No	
comparable	 studies	 using	 high-field	 systems	 for	 the	 DIPJ	 are	 available.	 The	 equine	
metacarpophalangeal	 articular	 cartilage	was	 examined	using	 a	 1.5	 tesla	 scanner	 using	 fat-
suppressed	 spoiled	 gradient-recalled	 imaging,	where	 full-thickness	 cartilage	 erosions	were	
detected	consistently	with	a	moderate	sensitivity	and	high	specificity.	Non-structural	(early)	
cartilage	alterations	were	limited	in	this	joint	in	the	examined	technique.	48	The	reliability	of	
both	 low-	and	high	 field	 systems	 for	 the	detection	of	 cartilage	and	bone	 lesions	has	been	
investigated	 in	the	equine	proximal	metacarpo/metatarso	phalangeal	 joint.	 49	 It	was	 found	
that	there	was	a	high	likelihood	of	false	positive	results	using	both	low-	or	high-field	systems	
for	 the	 detection	 of	 cartilage	 lesions	 and	 a	moderate	 to	 high	 likelihood	 for	 false	 positive	
results	 when	 detecting	 subchondral	 bone	 lesions	 compared	 to	 histopathology.	 49	 Despite	











	 Imaging	modalities	 such	 as	MRI	 provide	 a	 non-invasive	 approach	 for	 visualizing	 and	
measuring	 the	 articular	 cartilage,	 which	 is	 important	 when	 understanding	 osteochondral	









The	equine	cadaver	DIPJ	 cartilage	of	 the	DP	appeared	as	 trilaminar	 structure	with	a	mean	
thickness	of	3.1	mm	palmar	and	2.1	mm	dorsally	when	evaluated	in	a	low-field	system	using	
dorsal	 T1	weighted	 gradient-recalled	 echo	 sequences	 and	 sagittal	 dual	 echo	 sequences.	 10	
Abrupt	 thinning	of	 the	articular	 cartilage	was	noted	at	 the	most	abaxial	palmar	aspects	of	





consistent	with	 true	 anatomical	 areas	 validation	 studies	 comparing	MRI	measurements	 to	
histological	measurements	as	the	gold	standard	are	necessary.	 In	equine	articular	cartilage	
of	 the	 carpal	 joints	 53	 and	 the	 metacarpophalangeal	 joint,	 48,52	 there	 was	 a	 good	 and	
moderate	correlation	between	MRI	and	histological	measurements,	respectively.	However	it	
is	debatable	whether	 the	articular	cartilage	 layer	measured	on	MRI	 represents	 the	hyaline	
and	the	calcified	cartilage	layer,	or	whether	it	represents	only	the	hyaline	cartilage	layer.	54	
Measurements	from	cadaveric	equine	carpal	joints	using	3-dimensional	fast	spoiled	gradient	











due	 to	 the	 lack	 of	 nociceptive	 receptors	 in	 this	 type	 of	 tissue.	 This	 implies	 that	 cartilage	
damage	can	and	does	progress	while	no	clinical	signs	such	as	lameness	are	yet	apparent,	55	
therefore	 it	 is	 imperative	 to	use	modalities	 that	 can	detect	 cartilage	 injury	 early,	 enabling	
pathologic	 conditions	 to	 be	 addressed	 before	 they	 have	 progressed	 and	 allowing	 timely	
therapy	to	be	instigated.	
	
	 In	 humans	 more	 is	 known	 about	 imaging	 articular	 cartilage	 than	 horses	 or	 small	
animals.	 Cartilage	 lesions	 have	 been	 semi-quantitatively	 scored	 in	 T1	 weighted	 spoiled	
gradient	recalled	acquisition	at	steady	state	(SPGR)	or	fast	low-angle	shot	(FLASH)	with	fast	
suppression,	 T2-	 or	 intermediate	 weighted	 fast	 spin	 echo	 (FSE),	 or	 fat-supressed	 driven	
equilibrium	Fourier	 transform	and	 steady	 state	 free	precession	 imaging.	 56,57	 Conventional	
MRI	methods	are	based	on	imaging	water	content	and	have	shown	morphologic	changes	of	
the	 cartilage,	 which	 probably	 represent	 already	 progressed	 stages	 of	 OA.	 58	 Such	
morphological	 changes	 are	 preceded	 by	 biochemical	 and	 structural	 changes	 in	 the	
extracellular	 cartilage	matrix,	which	 can	be	 evaluated	by	 parametric	mapping	of	 cartilage.	
Post-processing	 of	 the	 images	 results	 in	 relaxation	 time-coded	 colour-maps.	 Mapping	
techniques	have	been	described	in	T2,	T2*,	T1rho	and	delayed	gadolinium	enhanced	MRI	of	
cartilage.	 58,59	 To	 obtain	 relaxation	 time	 maps	 several	 images	 of	 one	 area	 are	 acquired,	
whereby	 a	 certain	 sequence	 parameter	 is	 varied.	 For	 T1	 mapping	 (delayed	 gadolinium-












	 T2	 mapping	 is	 sensitive	 to	 cartilage	 composition	 such	 as	 hydration	 status,	 collagen	
content	 and	 collagen	 orientation.	 58,60	 In	 vitro	 studies	 have	 investigated	 the	 relationship	
between	 T2	 measurements	 and	 the	 biochemical	 composition	 of	 cartilage	 showing	 that	
increased	 T2	 values	 correlated	 with	 histologically	 present	 degeneration,	 both	 in	 tissue	
samples	 and	 in	 animal	models	 (rats	 and	 rhesus	macaque).	 61-66	 In	 vivo	 studies	 have	 been	
conducted	in	the	human	knee	joint,	67,68-72	the	human	hip	joint,	73,74	the	human	ankle,	75	and	
the	 human	 proximal	 interphalangeal	 joint	 of	 the	 hands.	 76	 In	 T2	 mapping	 cartilage	
stratification	(tangential	zone,	transitional	zone,	radiate	zone)	has	been	well	visualized.	It	has	
been	recognized	 that	superficial	 cartilage	has	significantly	 longer	T2	 relaxation	 time	values	
than	 deeper	 cartilage.	 70,63	 Additionally	 superficial	 cartilage	 was	 more	 sensitive	 to	 the	










	 T2	 mapping	 has	 also	 been	 used	 to	 evaluate	 cartilage	 repair	 techniques	 and	 study	
results	 show	that	 it	 is	a	useful	 technique	 in	post-operative	evaluation	of	 repaired	articular	
cartilage.	 58	 Following	autologous	 chondrocyte	 implantation	with	 a	 fibrin-based	 scaffold	 in	
the	human	knee	T2	mapping	showed	that	the	spatial	variation	of	the	T2	values	was	similar	in	
repaired	 and	 in	 normal	 articular	 cartilage.	 83	 Welsch	 et	 al.	 84	 reported	 similar	 findings	
following	 repair	 of	 femoral	 condyle	 defect	 with	 autologous	 chondrocytes	 implanted	 in	 a	











	 With	degeneration,	 cartilage	 loses	essential	GAGs,	which	are	negatively	 charged	and	
responsible	 for	 maintaining	 adequate	 fluid	 content	 of	 the	 cartilage.	 14	 DGEMRIC	 uses	
gadolinium	 diethylene	 triamine	 pentaacetic	 acid	 (Gd-DTPA2-),	 an	 intravenously	 or	
intraarticularly	administered	contrast	agent	that	is	also	negatively	charged.	With	progressive	
GAG	 loss,	 as	 seen	 in	OA,	Gd-DTPA2-	penetrates	 the	cartilage	and	adheres	 to	 the	positively	
charged	cartilage	matrix.	T1	mapping	can	then	be	used	to	quantify	the	amount	of	cartilage	
degeneration	in	the	joint.	55,58	Areas	with	lower	GAG	concentrations	will	accumulate	a	higher	
concentration	 of	 Gd-DTPA2-	 resulting	 in	 a	more	 rapid	 T1	 relaxation	 time.	 58	 The	 dGEMRIC	
technique	 has	 been	 validated	 by	 in	 vitro	 and	 in	 vivo	 studies	 with	 dGEMRIC	 values	
corresponding	 to	 gold	 standard	 measures	 for	 GAGs.	 85-87	 It	 has	 been	 found	 that	 GAG	
measures	 correlate	 better	 with	MR	 imaging	 in	 the	 superficial	 cartilage	 layers	 than	 in	 the	
deeper	ones,	where	the	GAG	measure	can	be	overestimated.	 88	Similar	 to	T2	mapping	the	




regeneration	 after	 cartilage	 grafting	 techniques.	 90-93	 Osteochondral	 lesions	 at	 the	 human	
femoral	 condyle	were	 treated	with	TruFit	plugs	and	evaluated	1	year	 following	 treatment,	
using	dGEMRIC.	 Similar	 T1Gd	relaxation	 times	were	noted	 in	 repaired	 cartilage	 and	normal	
cartilage.	93	
	
	 dGEMRIC	 may	 also	 provide	 a	 non-invasive	 way	 to	 measure	 the	 cartilage`s	
biomechanical	properties.	dGEMRIC	values,	as	a	non	invasive	measure	of	GAG	content,	were	








	 The	 contrast	 agent	 may	 be	 administered	 intravenously	 or	 direct	 intraarticularly.	 In	












	 In	 humans	 quantitative	MRI	 techniques	 such	 as	 T2	 mapping	 and	 to	 a	 lesser	 extent	
dGEMRIC	have	rapidly	developed	in	recent	years	and	have	been	used	to	identify	OA	early	in	
the	 disease	 process.	 100,101	 Only	 a	 handful	 of	 quantitative	 MRI	 techniques	 have	 been	
reported	in	equine	subjects.	52,a,102-105	
	
	 Carstens	 et	 al.	 102	 tested	 the	 feasibility	 of	 dGEMRIC	 following	 intraarticular	
administration	of	Gd-DPTA2-	into	the	normal	proximal	metacarpo/metatarso	phalangeal	joint	
in	 normal	 equine	 cadaver	 limbs	 in	 a	 1.5	 tesla	 scanner.	 The	 authors	 showed	 that	 it	 is	 a	
feasible	 technique	 to	 map	 T1	 relaxation	 times	 in	 the	 equine	 distal	 third	
metacarpal/metatarsal	bone	articular	cartilage	with	recommendations	to	delay	scanning	60	-	
120	 minutes	 following	 intraarticular	 contrast	 administration.	 These	 investigations	 were	
limited	 by	 the	 thin	 cartilage	 of	 the	 distal	 third	 metacarpal/metatarsal	 bone	 and	 the	 low	
magnet	 strength	 (1.5	 tesla)	 resulting	 in	 images	 of	 poor	 spatial	 resolution.	Due	 to	 the	 thin	
cartilage	 (approximately	 0.67	 mm)	 52	 a	 combined	 analysis	 of	 synovial	 fluid	 and	 adjacent	
articulating	 cartilages	 was	 performed.	 102	 Further	 it	 was	 shown	 that	 dGEMRIC	 and	 T2	









sequences	 before.	 106-108	 Carstens	 and	 colleagues	 established	 that	 dGEMRIC	 T1	 relaxation	
times	and	T2	relaxation	times	were	similar	in	fresh,	chilled	and	frozen	equine	cadaver	limbs.	
62	 To	 date	 these	 are	 the	 only	 published	 fundamental	 investigations	 of	 dGEMRIC	 and	 T2	
mapping	of	equine	cartilage.		
	
	 Quantitative	 mapping	 techniques	 in	 the	 horse	 T2	 mapping	 of	 experimentally	 made	
defects	 in	 articular	 cartilage	 of	 equine	 stifles	 using	 a	 1.5	 tesla	 scanner,	 revealed	 that	 T2	
mapping	helped	 to	differentiate	hyaline	 cartilage	 from	 reparative	 fibrocartilage.	 105	Use	of	
dGEMRIC	in	a	3	tesla	machine	has	been	reported	once	in	a	group	of	ponies,	where	it	helped	
to	assess	 the	effects	of	administered	bone	morphogenic	protein	 in	experimentally	created	
femoral	 condyle	 lesions.	 103	 T2	 mapping	 of	 full-thickness	 cartilage	 defects	 repaired	 with	
concentrated	 bone	 marrow	 aspirate	 versus	 microfracture	 indicated	 that	 treatment	 with	
bone	marrow	aspirate	 resulted	 in	 increased	 fill	of	 the	defects	and	 improved	 integration	of	
repair	 tissue	 into	 surrounding	 normal	 cartilage.	 104	 Similar	 to	 humans	 these	 reports	 are	

























































































lameness.	 Cartilage	 thickness	 was	 measured	 from	 dGEMRIC	 images,	 T2	 maps	 and	
histological	slides	at	11	matching	regions	of	interest	(ROIs)	of	the	distal	MP	and	the	proximal	
DP.	The	ROIs	were	histologically	graded	and	classified	 into	three	groups	of	cartilage	health	
(normal,	 mild-moderate	 OA,	 severe	 OA).	 The	 MRI	 cartilage	 thickness	 measurements	





measurements.	 However,	 the	 correlation	 between	 the	 T1	 measurements	 and	 the	
histological	measurements	was	superior	 to	 the	correlation	of	 the	T2	measurements	 to	 the	
histological	measurements.	There	were	regional	differences	in	cartilage	thickness	depending	
on	the	cartilage	site	within	the	joint.	The	distal	MP	cartilage	was	thinner	than	the	proximal	
DP	 cartilage,	 cartilage	 in	 the	 central	 areas	 was	 thickest	 and	 cartilage	 in	 dorsal	 areas	 was	















a	 degenerative	 disease	 characterized	 by	 proteolytic	 breakdown	 of	 the	 cartilage	 matrix,	
fibrillation	 and	 erosion	 of	 the	 cartilage	 surface	 and	 release	 of	 the	 breakdown	 products	
resulting	in	synovitis.	4,5	Early	lesions	in	the	articular	cartilage	may	not	show	signs	of	pain	due	
to	the	lack	of	nociceptive	receptors	in	this	type	of	tissue.	This	implies	that	cartilage	damage	
can	 and	 does	 progress	 while	 no	 clinical	 signs	 such	 as	 lameness	 are	 yet	 apparent.	 It	 is	
therefore	 imperative	 to	 use	 modalities	 that	 can	 detect	 cartilage	 injury	 early,	 enabling	
pathologic	 conditions	 to	 be	 addressed	 before	 they	 have	 progressed	 and	 allowing	 timely	
therapy	to	be	instigated.		
	
	 Traditional	 MR	 imaging	 methods	 have	 principally	 shown	 morphologic	 articular	
cartilage	 changes	 and	 were	 based	 on	 imaging	 the	 tissue	 water	 content.	 However	




	 In	 dGEMRIC	 a	 negatively	 charged	 contrast	 agent	 (Gd-DPTA2-)	 is	 injected	 either	
intraarticularly	or	intravenously.	Gd-DPTA2-	permeates	the	hyaline	cartilage	and	disperses	in	













the	 collagen	orientation	within	 the	 cartilage	and	 its	water	 content.	 Increased	 signal	on	T2	
weighted	images	have	been	found	in	cartilage	swelling	due	to	cartilage	edema	and	increased	
water	content.	9	Also	focal	areas	of	increased	signal	on	T2	weighted	images	have	been	found	




and	 T2	 mapping	 sites	 are	 consistent	 with	 true	 anatomical	 areas,	 validation	 studies	




of	 the	 joint	 space.	 Different	 studies	 have	measured	 the	 equine	 cartilage	 thickness	 or	 the	
joint	space	width	by	MRI	in	different	equine	joints.	Cartilage	thickness	of	specific	areas	of	20	
metacarpophalangeal	joints	of	10	mature	racing	Thoroughbreds	was	measured	on	MRI	and	
compared	 with	 the	 histological	 measurements.	 This	 study	 illustrated	 that	 the	MRI	 allows	
clinically	applicable,	satisfactory	assessment	of	articular	cartilage	thickness,	structure	and	to	
a	 lesser	 extent,	 early	 biochemical	 alterations	 in	 the	 osteoarthritic	 equine	
metacarpophalangeal	 joint.	 11	 DGEMRIC	 and	 T2	 mapping	 were	 found	 to	 be	 accurate	
techniques	for	measuring	the	distal	third	metacarpal/metatarsal	bone	cartilage	thickness	at	
locations	where	the	cartilage	is	not	in	direct	contact	with	the	proximal	phalanx	cartilage.	The	
thin	 distal	 third	 metacarpal/metatarsal	 bone	 cartilage	 and	 the	 limit	 of	 detection	 of	 the	
measuring	device	were	however	the	main	limitations	in	this	study.	12	Additionally	the	same	
author	 established	 that	dGEMRIC	T1	 and	T2	 relaxation	 times	were	 similar	 in	 fresh,	 chilled	
and	frozen	cadaver	limbs.a	However	the	study	was	limited	by	the	low	number	of	limbs	tested	








the	 effect	 of	 cartilage	 disease	 state	 and	 cartilage	 site	 within	 the	 joint	 on	 the	 cartilage	
thickness	(histological	and	MR	measurements).		
	
	 It	 was	 hypothesised	 that	 1)	 that	 diseased	 joint	 cartilage	 would	 be	 thinner	 than	








no	 age	 restrictions,	 showing	 no	 signs	 of	 lameness	 at	 a	 walk	 or	 trot	 were	 included	 in	 the	










contrast	T1	maps	were	obtained	using	 single	 slice	 inversion	 recovery	 spin	echo	 sequences	
(Repetition	time	(TR)	12	ms,	echo	time	(TE)	5.6	ms,	field	of	view	100	x	100	mm,	matrix	252	x	
244,	slice	thickness	3	mm,	receiver	band	width	131.6	Hz/pixel)	 for	each	 lateral	and	medial	









the	 injection	 the	 joints	 were	 manually	 flexed	 for	 five	 minutes	 to	 distribute	 the	 contrast	
media	in	all	parts	of	the	joint.	The	limbs	were	scanned	again	using	the	same	mid	and	central	


















the	midline	 that	goes	vertically	 through	the	DIPJ.	The	optimal	window	was	 found	by	using	
the	windowing	tool	in	the	software	and	the	sites	were	defined	where	the	cartilage,	the	joint	








eleven	 cores	 were	 obtained	 per	 joint	 as	 shown	 in	 Figure	 2.	 A	 central	 1000	 ųm	 thick	
osteochondral	 slice	 was	 cut	 from	 the	 core	 by	 using	 a	 saw	 and	 this	 slice	 was	 further	












	 Three	 months	 after	 analyzing	 the	 MRIs,	 the	 histological	 measurements	 of	 the	
cartilage	thickness	were	obtained.	Again	two	observers	obtained	the	measurements	with	an	
interval	 of	 one	 month.	 A	 Leica	 DM	 LB2	 light	 microscope	 equipped	 with	 a	 Leica	 DC	 480	








Figure	 3:	 Safranin-O-Fast	 green	 stain	 of	 normal	 cartilage.	 TC:	 total	 cartilage	 thickness,	 HC:	 hyaline	 cartilage	
thickness,	CC:	calcified	cartilage	thickness.		
	
	 Safranin-O-Fast	 green	 stained	 sections	 were	 analysed	 and	 scored	 for	 degenerative	
changes	by	three	blinded	observers	using	a	modified	Mankin	scoring	system.	The	histological	
sections	of	the	different	ROIs	were	scored	on	the	basis	of	the	criteria	shown	in	Table	1.	An	

















































zone.	 The	 inter	 observer	 agreement	 of	 the	 cartilage	 thickness	measurements	 (histological	
and	 MRI)	 and	 the	 mean	 overall	 cartilage	 Mankin	 scores	 were	 analysed	 using	 intraclass	
correlation	 coefficients	 (ICC).	 Average	 measures	 were	 reported	 and	 ICCs	 >	 0.7	 were	
considered	 good,	 >	 0.8	 optimal	 and	 >	 0.9	 excellent.	 Associations	 between	 the	 mean	
histological	 cartilage	 thickness	 measurements	 (TC,	 HC	 and	 CC)	 and	 the	 MRI	 cartilage	
thickness	 measurements	 (dGEMRIC	 and	 T2)	 were	 investigated	 using	 Spearmans	 rho	 non-
parametric	correlations.	Data	analysis	was	performed	using	the	SPSS	21.0	softwaref.	
A	generalized	 linear	mixed	model	approach	was	used	 to	analyse	 the	 relationship	between	
the	dependent	variable	 cartilage	 thickness	measured	on	dGEMRIC	and	T2	maps	 (mm)	and	
the	 independent	 variable	 bone	 (MP/DP),	 cartilage	 zones	 (sagittal	 condylar/intercondylar	
zones)	 and	 (dorsal/central/palmar)	 and	 cartilage	 disease	 (none/mild-moderate/severe).	
Independent	variables	with	P	>	0.2	were	omitted	from	the	final	model.	The	significance	level	
was	set	at	P	<	0.05.	Random	effects	were	 the	 leg	and	replicate	as	measurements	within	a	





































located	 in	 the	 intercondylar	 groove	 (Table	 3).	 Analogous	 to	 T1	 maps	 cartilage	 located	
dorsally	 was	 thinner	 than	 cartilage	 located	 centrally.	 There	 was	 no	 difference	 between	




















	 The	 inter	observer	agreement	of	 the	cartilage	 thickness	measurements	 in	histology	




and	 HC	 were	 measured.	 Analogous	 to	 T1	 -	 and	 T2	 maps	 cartilage	 located	 dorsally	 was	
thinner	than	cartilage	located	centrally	in	both	TC	and	HC.	There	was	no	difference	between	











Table	 4:	Median	and	 range	of	TC	of	 the	 independent	histological	parameters	 in	 the	generalized	 linear	mixed	
model.	 Significant	 P	 –	 values	 of	 the	 generalized	 linear	 mixed	 model	 are	 marked	 in	 bold.	 Cartilage	 health	





















Table	 5:	Median	and	range	of	HC	of	 the	 independent	histological	parameters	 in	 the	generalized	 linear	mixed	
model.	 Significant	 P	 –	 values	 of	 the	 generalized	 linear	 mixed	 model	 are	 marked	 in	 bold.	 Cartilage	 health	
(normal/mild	 to	 moderate	 cartilage	 disease/severe	 cartilage	 disease)	 and	 sagittal	 cartilage	 zone	


















Table	 6:	Median	and	 range	of	CC	of	 the	 independent	histological	parameters	 in	 the	generalized	 linear	mixed	





























on	 cartilage	 thickness	 measurements.	 The	 severely	 diseased	 cartilage	 was	 thinner	 than	











As	 a	 consequence	 the	 articular	 cartilage	 of	 the	 proximal	 DP	 may	 become	 thicker	 as	 an	
adaptation	to	these	loads.	
	
	 Whether	 a	 ROI	 was	 located	 on	 the	 condyle	 or	 in	 the	 intercondylar	 groove	 had	 a	
significant	 effect	 on	 the	 T2	 cartilage	 thickness	measurements,	 however	 not	 on	 the	 T1	 or	
histological	 cartilage	 thickness	 measurements.	 T2	 cartilage	 thickness	 was	 significantly	
thinner	 in	 the	 condylar	 compared	 to	 the	 intercondylar	 area.	 The	 difference	 was	 most	
pronounced	when	the	cartilage	was	severely	diseased.	T2	maps	are	sensitive	for	determining	














for	 the	 image	 acquisition,	 which	 resulted	 in	 poor	 image	 resolution.	 To	 separate	 the	 two	
opposing	cartilage	surfaces	in	the	human	knee,	the	use	of	traction	was	described	to	improve	
the	 evaluation.	 14	 This	 technique	 may	 also	 be	 considered	 in	 the	 future	 when	 evaluating	
opposing	 joint	 cartilages	 in	 the	 horse	 when	 using	 low-field	 systems	 under	 general	
anesthesia.		
	 	
	 MRI	 measurement	 of	 cartilage	 is	 important	 in	 experimental	 and	 clinical	 OA.	 Our	





the	 histological	measurements.	 A	 reason	 could	 be	 the	 oblique	 orientation	 of	 the	 articular	
surfaces	 of	 the	 DP	 and	 the	 MP,	 causing	 volume	 averaging.	 15	 Differences	 in	 cartilage	
thickness	measurements	 between	 histological	 and	MRI	 data	 could	 also	 be	 caused	 by	 the	
used	MR	slice	thickness.	The	lesser	the	slice	thickness,	the	better	the	image	resolution.	11	For	
the	 human	 knee	 a	 slice	 thickness	 of	 1.5	mm	with	 isotropic	 0.3	mm	 in-plane	 resolution	 is	






	 It	 was	 encouraging	 that	 in	 our	 study	 the	 interobserver	 agreement	 of	 MRI	
measurements	 was	 excellent	 in	 T1	 (ICC	 =	 0.953)	 and	 optimal	 in	 T2	 (ICC	 =	 0.835).	 In	 the	
histology	the	agreement	was	good	(CC:	ICC	=	0.712)	to	excellent	(TC:	ICC	=	0.922;	HC:	ICC	=	
0.939).	Because	the	width	of	the	calcified	cartilage	is	very	thin	compared	to	the	hyaline	and	




for	measuring	equine	cartilage	thickness	at	 the	distal	 third	metacarpal/metatarsal	bone.	 12	
The	normal	cartilage	of	the	distal	distal	third	metacarpal/metatarsal	bone	is	approximately	1	
mm	 thick	 12	 versus	 the	 average	 thickness	 of	 the	 DIPJ	 cartilage	 of	 2.1	 –	 3.1	 mm	 13	 The	
metacarpophalangeal	 joint	has	a	more	rounded	articular	surface	compared	to	 the	DIPJ,	 so	
direct	 comparisons	 cannot	 be	 made.	 A	 high-field	 MRI	 (≥	 1	 tesla)	 is	 still	 regarded	 as	 the	
modality	of	choice	to	evaluate	the	articular	cartilage	of	horses,	because	a	more	appropriate	
method	 does	 not	 exist	 yet.	 18	 A	 human	 study,	 comparing	 3-tesla	 with	 1.5-tesla	 images,	
reported	 superior	 cartilage	 thickness	 measurements	 when	 using	 the	 higher-field	 magnet	
strength.	 19	 The	use	of	 thinner	 slices	 for	MRI	 scans	 in	 our	 study	would	have	 resulted	 in	 a	
lower	 signal	 to	 noise	 ratio	 however	 would	 have	 required	more	 time.	 Findings	 in	 a	 study	
evaluating	the	human	knee	cartilage	volume	showed	that	there	was	only	little	difference	in	







	 In	 conclusion,	 findings	 of	 this	 study	 indicate	 that	 both,	 dGEMRIC	 and	 T2	 maps	
correlated	 well	 with	 the	 histological	 cartilage	 thickness	 measurements	 in	 normal	 and	
degenerated	cartilage	 in	areas	of	opposing	or	non-opposing	cartilage	surfaces.	There	were	
regional	 differences	 in	 cartilage	 thickness	depending	on	 the	 cartilage	 site	within	 the	 joint.	
The	MP	 cartilage	was	 thinner	 than	 the	DP	 cartilage,	 cartilage	 in	 central	 areas	was	 thicker	










































































































Delayed	 gadolinium-enhanced	 magnetic	 resonance	 imaging	 of	 the	 normal	
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gadolinium	 administration	 of	 predetermined	 sites	 of	 the	 DIPJ	 cartilage	 were	 obtained.	
Corresponding	cartilage	sites	were	examined	macroscopically,	histologically	(Safranin-O-Fast	
green)	 and	 immunohistochemically	 (collagen	 type	 II).	 Cartilage	 health	 was	 graded	
macroscopically	 and	 histologically.	 The	 sites’	 GAG	 (µg/mg)	 and	 water	 content	 (%)	 were	




Results	 -	122	cartilage	sites	were	analysed.	The	T1Gd	value	was	 lower	than	the	T1	value	 in	
normal	and	diseased	cartilage.	Both	T1	and	T1Gd	values	correlated	with	the	macroscopic	and	














retirement	of	 equine	 athletes.	 1	OA	 is	 a	 degenerative	disease	 characterized	by	proteolytic	
breakdown	 of	 the	 cartilage	 matrix,	 fibrillation	 and	 erosion	 of	 the	 cartilage	 surface	 and	
release	of	 the	breakdown	products	 resulting	 in	 synovitis	and	associated	subchondral	bone	
and	 soft	 tissue	 changes.	 Although	 the	 features	 of	 naturally	 occurring	 OA	 in	 equine	 distal	
limbs	were	 reported	as	early	 as	1973,	 2	OA	of	 the	DIPJ	 is	underreported	 in	 the	veterinary	
literature.	3-5	
	
	 Diagnosis	 of	 DIPJ	 OA	 is	made	 by	 clinical	 examination	 and	 peri	 neural	 and/or	 intra	
articular	anaesthesia	resulting	 in	 the	 localisation	of	 lameness	as	well	as	diagnostic	 imaging	
modalities	 including	 radiography,	 ultrasonography,	 computed	 tomography	 and/or	 MRI.	
Since	early	hyaline	cartilage	lesions	may	not	result	in	obvious	clinical	signs,	6,7	using	imaging	
modalities	that	can	identify	these	lesions	timeously	is	essential	to	enable	their	management.	
Conventional	 MRI	 methods	 are	 based	 on	 imaging	 water	 content	 and	 have	 shown	
morphologic	changes	of	 the	cartilage,	which	probably	 represent	 later	 stages	of	OA.	 8	Such	
morphological	 changes	 are	 preceded	 by	 biochemical	 and	 structural	 changes	 in	 the	
extracellular	cartilage	matrix,	which	can	be	evaluated	by	cartilage	 imaging	techniques	such	
as	dGEMRIC.	 9	 In	humans	such	MR	techniques	have	rapidly	developed	 in	 recent	years	and	
have	been	used	to	identify	early	stages	of	OA.	10-15		
	
	 With	 degeneration,	 cartilage	 loses	 essential	 GAGs,	 which	 are	 negatively	 charged.16	
dGEMRIC	 uses	 an	 anionic,	 paramagnetic	 contrast	 agent	 Gd-DTPA2-,	 either	 administered	
intravenously	or	 intra	articularly.	With	progressive	GAG	 loss,	as	seen	 in	OA,	 the	negatively	
charged	Gd-DTPA2-	 penetrates	 the	 hyaline	 cartilage	 and	 adheres	 to	 the	 positively	 charged	
cartilage	matrix	in	areas	of	lost	GAGs.	Parametric	mapping	of	the	cartilage	can	be	performed	








Tesla	 scanner.17	 The	 thin	 cartilage	 of	 the	 metacarpo/metatarsophalangeal	 joint	 however	
precluded	 optimal	 dGEMRIC	 evaluation.	 It	 has	 been	 established	 that	 dGEMRIC	 relaxation	
times	were	similar	 in	 fresh,	 chilled	and	 frozen	 joints.a	 Further	 it	was	 shown	 that	dGEMRIC	
cartilage	maps	were	accurate	for	measuring	normal	cadaver	cartilage	thickness	at	the	distal	
aspect	 of	 the	 third	metacarpal	 or	 metatarsal	 bone,	 when	 there	 was	 no	 contact	 with	 the	
proximal	phalanx	hyaline	 cartilage.	 In	5	ponies,	dGEMRIC	and	T2	mapping	were	helpful	 to	
assess	 the	 serial	 healing	 of	 experimentally	 created	 femoral	 condyle	 lesions	 treated	 with	
bone	 morphogenic	 protein.	 18	 The	 premise	 that	 changes	 in	 hyaline	 cartilage	





OA	 and	 3)	 correlating	 relaxation	 times	 with	 the	 cartilage`s	 GAG	 concentration	 and	 water	
content,	histological	and	macroscopic	findings.		
	






















sagittal	 slices.	 For	 each	 lateral	 and	 medial	 midcondylar	 sagittal	 slice	 and	 central	




performed	 using	 a	 21	 Gauge	 needle	 in	 the	 dorsal	 recess	 and	 as	 much	 synovial	 fluid	 as	
possible	was	aspirated.	Gd-DTPA2-	c	was	injected	into	the	DIPJ	at	0.05	ml	in	5	ml	saline	(0.025	
mmol/joint).	Following	injection,	the	distal	limb	joints	were	manually	flexed	for	5	minutes	to	






the	 proximal	 aspect	 of	 the	 DP	 were	 inspected	 and	 graded	 for	 macroscopic	 degenerative	
changes	 at	 specific	 preselected	 sites	 using	 a	 modified	 Outerbridge	 grading	 system	 (0	 =	
normal;	1	=	soft,	discolored,	swollen	cartilage;	2	=	partial	thickness	fissures,	fragmentation	or	
erosion;	3	=	full	thickness	fissures,	fragmentation	or	erosion).	19	A	score	was	assigned	to	each	





the	 proximal	 aspect	 of	 the	 DP	 (see	 Figure	 2,	 chapter	 I)	 using	 an	 OATS	 (osteochondral	
autograft	transfer	system)	cutting	tube.d	A	central	1000	μm	thick	osteochondral	slice	was	cut	
from	the	core	using	a	saw	and	further	processed	for	histological	sections.	The	cartilage	was	






	 All	 ROIs	 (defined	as	 shown	 in	 Figure	2,	 chapter	 I,	 Figure	1)	were	analysed	 for	 each	
midcondylar	 and	 the	 central	 intercondylar	 scan	 before	 and	 after	 contrast	 administration.	
Using	 commercially	available	 softwaree	ROIs	 (mean	pixels:	198.5	±	13.8)	were	drawn	onto	
the	 hyaline	 cartilage	 using	 a	 free	 hand	 tool.	 Bulk	 T1	 relaxation	 time	measurements	 (ms)	
were	obtained	3	times	by	two	blinded	observers	(AB,	AK,	supervised	by	PK).	T1Gd	 is	the	T1	






joint	 (DIPJ)	 showing	 a	 translucent	 template	 illustrating	 a	 circle	 placed	 “at	 best	 fit”	 over	 the	 distal	 middle	
phalanx	 (MP)	 condyle	 and	 a	 yellow	 line	 drawn	 down	 the	 axis	 of	 the	metaphysis	 of	MP	 running	 through	 the	
center	of	rotation	of	the	DIPJ.	Dorsal	regions	of	interest	(ROIs)	of	distal	MP	(ROIs	1,	7	–	Figure	2,	chapter	I)	were	
defined	using	a	50°	angle	dorsal	 from	 the	 line	drawn	down	 the	axis	 of	 the	MP	metaphysis	 and	extending	5°	















	 The	 osteochondral	 samples	 were	 fixed	 in	 4%	 paraformaldehyde	 for	 48	 hours,	
decalcified	 in	 25%	 EDTA	 for	 4	 weeks	 and	 embedded	 in	 paraffin.	 Sections	 were	 cut	 and	
stained	with	haematoxylin	and	eosin,	Safranin-O-Fast	green	and	toluidine	blue.			
For	immunohistochemical	staining	of	collagen	type	II,	sections	were	dewaxed,	incubated	and	














	 Cartilage	 water	 content	 was	 determined	 using	 a	 modification	 of	 the	 method	
described	by	Brama	et	al.	The	cartilage	samples	were	weighed	before	(wet	weight)	and	after	
(dry	weight)	 lyophilizing	 them	using	a	 speed	vacuum	machine	 for	4	hours.	 22	The	cartilage	
water	content	was	expressed	as	percentage	of	wet	weight.		
	








	 The	 database	 was	 established	 in	Microsoft	 Excel.	 The	 interobserver	 reliability	 was	
tested	 with	 an	 intra	 class	 correlation	 coefficient	 (ICC)	 for	 the	 histological	 scores	 (mean	
Mankin	 score)	 and	 the	 mean	 relaxation	 times	 (T1	 and	 T1Gd).	 Average	 measures	 were	
reported,	 whereby	 ICC	 	 >	 0.7	 =	 good,	 ICC	 	 >	 0.8	 =	 optimal,	 ICC	 	 >	 0.9	 =	 excellent.	 A	
Kolmogorov-Smirnoff	 test	 of	 normality	was	 used	 to	 evaluate	 the	 distribution	 of	 the	 data.	
Results	 of	 parametric	 data	 were	 displayed	 as	 mean	 ±	 standard	 deviation.	 Results	 of	
nonparametric	 data	 were	 displayed	 as	 median	 (range).	 Of	 all	 observers	 an	 overall	 mean	
Mankin	score	and	overall	mean	T1	and	T1Gd	relaxation	times	were	calculated	and	included	in	
the	further	analyses.	The	different	ROIs	were	further	grouped	into	cartilage	zones	depending	
on	 their	 location	 in	 the	 joint:	 condyle	 (ROIs	1,	2,	3,	7,	8,	9,	11	and	17)	or	condylar	groove	
(ROIs	13,	14	and	15),	and	dorsal	zone	(ROIs	1,	7	and	13),	central	zone	(ROIs	2,	8,	11,	14	and	
17)	or	palmar	zone	(ROIs	3,	9	and	15).	The	analysis	was	performed	using	software	SPSS	21.0.i	




	 A	 generalized	 linear	 mixed	 model	 approach	 was	 used	 to	 analyse	 the	 relationship	
between	 the	 dependent	 variable	 T1	 and	 T1Gd	 relaxation	 time	 (ms)	 and	 the	 independent	
variables	Gd-DPTA2-	(before/after	administration)	(only	included	in	the	T1	model),	cartilage	
surface	 (MP/DP),	 cartilage	 zones	 ((condyle/condylar	 groove)	 and	 (dorsal/central/palmar)),	
macroscopic	 cartilage	 scores	 (0-3)	 and	 cartilage	 health	 (no/minimal-moderate/severe	OA).	
Independent	variables	with	P	>	0.2	were	omitted	from	the	final	model.	The	significance	level	
was	set	at	P	<	0.05.	Random	effects	were	 the	 leg	and	replicate	as	measurements	within	a	














erosions	 and	 in	 10	 ROIs	 there	 were	 full	 thickness	 fissures,	 fragmentation	 and	 erosions.	
Evidence	of	macroscopic	degenerative	 cartilage	 changes	had	a	 significant	effect	on	 the	T1	




0.025).	 However	 no	 significant	 difference	was	 found	 between	 cartilage	with	 full	 thickness	
fissures,	fragmentation	or	erosions	(score	3)	and	partial	thickness	fissures,	fragmentation	or	
erosions	 (score	2)	 (651	 [527	 -	779]),	 (P	=	0.181).	Cartilage	macroscopic	 scores	 significantly	










of	 the	 relaxation	 times	 within	 the	 DIPJ,	 where	 by	 the	 T1	 value	 (ms)	 of	 the	 DP	 articular	
surface	675	(476	-853)	was	higher	than	the	T1	value	of	the	MP	articular	surface	601	(454	-
767),	 (P	 <	 0.0001).	 The	 T1	 value	 (ms)	 dorsally	 606	 (463-739)	 was	 significantly	 less	 than	
palmarly	629	(434-797),	(P	=	0.049)	and	significantly	less	than	in	the	middle	of	the	DIPJ	(662	
[489-923]).	The	T1	values	(ms)	on	the	condyle	(621[434-923])	or	in	the	condylar	groove	(667	
[476-853])	 were	 not	 significantly	 different	 (this	 parameter	 was	 omitted	 from	 the	 final	
	 	 Results,	chapter	II	
	 53	
generalized	 linear	 mixed	 model).	 The	 presence	 of	 OA	 had	 a	 significant	 effect	 on	 the	 T1	
relaxation	 time	 (P	 <	 0.037).	 The	 T1	 relaxation	 time	 pre	 contrast	 of	 severely	 osteoarthritic	
cartilage	 (692)	was	 increased	compared	 to	mild	 -	moderately	osteoarthritic	 cartilage	 (642)	
and	compared	to	normal	cartilage	(607).		
	




no	 significant	 difference	 was	 noted.	 In	 the	 generalized	 linear	 mixed	 model	 with	 T1Gd	 as	





	Parameters	 Normal	cartilage	(n=40)	 Mild-moderate	OA	(n=68)	 Severe	OA	(n=14)	
T1	value	(ms)	 607	(473	-	732)	 642	(463	-	797)	 692	(454	-	853)	
T1Gd	value	(ms)	 234	(182	-	330)	 217	(116		-334)	 210	(124	-	295)	
Water	(%)	 71	(59	-	83)	 73	(48	-	82)	 77	(64	-	83)	










cartilage	 (A)	 and	 following	 intra	 articular	 gadolinium	 administration	 (B).	 On	 the	 right	 Safranin-O-Fast	 green	
specimens	 corresponding	 to	 selected	 region	 of	 interests	 (ROIs)	 (7,	 9)	 are	 shown.	 The	 color	 bar	 on	 the	 right	
represents	the	T1	values	using	a	continuous	color	translation	of	the	T1	value	from	1-1000	ms.	Black	relates	to	a	
T1	value	of	1	ms,	 indicative	of	no	glycosaminoglycans	 (GAGs)	and	dark	red	represents	a	T1	value	of	1000	ms	




pre	 contrast	 T1	maps	 the	 T1	 values	 decreased	 from	 the	 cartilage	 surface	 (red	 pixels)	 to	 the	 cartilage	 depth	
(yellow	pixels).	The	post-contrast	map	shows	a	clearer	delineation	of	the	cartilage	surface.	On	the-Safranin-O-
Fast	green	specimens	no	abnormal	lesion	was	noted	at	the	corresponding	ROIs	(ROI	7	and	9).		




Color-coded	 pre	 contrast	 (E)	 and	 post	 contrast	 T1	map	 (F)	 shows	 light	 to	 dark	 blue	 pixels	within	 the	 normal	
green	 cartilage	 indicative	 of	 lower	 T1	 values	 and	 GAG	 content	 at	 the	 ROI	 1,	 2,	 and	 3.	 The	 corresponding	
















Figure	 3:	Representative	Safranin-O-Fast	green	histological	 (A	 -	 E)	and	 collagen	 type	 II	 immunohistochemical	
sections	 (F	 -	 J)	 of	 specimens	 with	 different	 lesion	 severities.	 A:	 In	 normal	 hyaline	 cartilage	 there	 was	 a	
homogenous	 stain	uptake	 throughout	 the	extracellular	matrix	with	a	 smooth	 cartilage	 surface	and	a	 regular	
subchondral	bone.	B:	Marked	fibrillations	of	the	cartilage	surface	with	loss	of	staining	of	the	superficial	hyaline	
cartilage	 zone	 and	 evidence	 of	 chondrocyte	 cluster	 formation.	 C:	 Erosion	 of	 the	 superficial	 2/3	 of	 hyaline	
cartilage	with	accompanying	loss	of	staining	of	the	upper	2/3	the	hyaline	cartilage.	D:	Full	depth	erosion	of	the	
hyaline	 cartilage	 with	 focal	 loss	 of	 staining	 in	 all	 the	 hyaline	 cartilage	 and	 marked	 chondrocyte	 cluster	
formation.	 Cracks	 in	 the	 calcified	 cartilage	 are	 present	 and	 there	 is	 a	 decreased	 amount	 and	 size	 of	 bone	
lacunae	underneath	the	hyaline	cartilage.	Clefts	and	fissures	are	present	with	loss	of	staining	of	all	the	hyaline	
cartilage	and	possible	calcification,	with	multifocal	decrease	 in	chondrocyte	numbers	and	chondrocyte	cluster	
formation.	 The	 calcified	 cartilage	and	underlying	 subchondral	 bone	 is	 collapsed,	with	 cartilage	 islands	within	
the	 subchondral	 bone.	 E:	 In	 normal	 hyaline	 cartilage	 there	 was	 minimal	 immunestaining	 of	 the	 superficial	
cartilage	zone.	Immunestaining	increased	in	specimens	with	evidence	of	OA	corresponding	to	loss	of	staining	in	






shown	 in	 Table	 2.	 The	mean	 overall	 GAG	 concentration	 correlated	 significantly	 negatively	
with	 the	 T1	 value,	 the	 mean	 overall	 Mankin	 score	 and	 the	 macroscopic	 cartilage	 score,	
however	no	significant	correlation	was	found	between	GAG	concentrations	and	T1Gd	values	
(Figure	4A	 -	D).	 The	 cartilage	water	 content	 significantly	 correlated	with	 the	T1	 value,	 the	













Figure	 4:	 Plots	 showing	 the	 Spearman`s	 correlations	 between	 the	 distal	 interphalangeal	 joint	 cartilage`s	











water	 content.	 It	 was	 shown	 that	 T1	 and	 T1Gd	 relaxation	 times	 in	 diseased	 equine	 DIPJ	
cartilage	 correlated	 with	 the	 macroscopic	 and	 histologic	 degree	 of	 naturally	 occurring	
cartilage	 OA.	Moreover	 T1	 relaxation	 times	 of	 normal	 and	 diseased	 DIPJs	 also	 correlated	
with	the	cartilage`s	GAG	concentration	and	water	content.		
	
	 Following	 intra	 articular	 contrast	 application	 T1	 relaxation	 times	 significantly	
decreased	to	an	overall	obtained	value	of	234	ms	(182	-	330)	 in	normal	cartilage.	This	was	
lower	 than	 in	 the	 previous	 study	 on	 cadaver	 fetlock	 joint	 cartilage17,	where	 post	 contrast	
values	of	 650	ms	were	obtained	120	min	 following	 intra	 articular	 contrast	 administration.	
This	 difference	may	 be	 due	 to	 inherent	 cartilage	 differences	 between	 these	 joints	 or	 the	










may	have	been	higher	 in	comparison	 to	 the	 fetlock	 joint,	 thus	maybe	also	 resulting	 in	 the	
lower	 post	 contrast	 relaxation	 times.	 Following	 contrast	 administration	 acquisition	 of	 the	
post	 contrast	 T1	 images	 was	 only	 done	 120	 minutes	 post	 injection.	 This	 was	 chosen	 by	





	 In	 cases	 of	 cartilage	 degeneration	 there	 is	 a	 loss	 of	 proteoglycans	 and	 their	 side	
chains	(GAGs),	which	diffuse	out	of	the	tissue.	Due	to	this	disruption	in	the	cartilage	matrix,	
the	 water	 content	 increases.	 This	 was	 also	 visible	 in	 our	 specimens,	 where	 the	 GAG	
concentration	 decreased	 with	 increasing	 histologic	 and	 macroscopic	 cartilage	 OA	 scores.	
dGEMRIC	was	developed	for	the	 indirect	assessment	of	 the	hyaline	cartilage	GAG	content.	
15,26-28	Areas	of	low	GAG	content	accumulate	a	higher	concentration	of	Gd-DTPA2-	leading	to	
shorter	 T1Gd	 relaxation	 times.	 This	 data	 illustrates	 this	 in	 the	 equine	 DIPJ	 cartilage.	With	
advancing	 degree	 of	 cartilage	 degeneration,	 proteoglycans	 were	 lost	 and	 Gd-DTPA2-	
penetrated	 into	 the	 hyaline	 cartilage	 leading	 to	 shorter	 T1Gd	 values	 in	 specimens	 with	
evidence	 of	 mild	 to	 severe	 OA.	 This	 is	 also	 reflected	 by	 the	 fact	 that	 the	 T1Gd	 values	
negatively	 correlated	 with	 the	 Safranin-O-Fast	 green	 staining	 loss	 observed	 histologically	
indicative	 of	 proteoglycan	 loss	 with	 advancing	 OA.	 The	 increase	 of	 water	 content	 in	 the	
progression	 of	 OA	 was	 also	 observed	 in	 our	 specimens.	 The	 T1Gd	 values	 became	 shorter	
when	the	water	content	increased,	consistent	with	the	advancing	degree	of	OA.	Overall	the	
data	 showed	 that	 dGEMRIC	 correlated	with	 equine	 cartilage	 degeneration	 supporting	 our	
hypothesis.	 The	 T1Gd	values	 did	 not	 significantly	 correlate	with	 the	GAG	 concentrations	 or	
the	water	content,	however	we	have	no	convincing	evidence	to	explain	this.	Specimens	may	
have	 been	 influenced	 by	 storage	 or	 by	 the	 laboratory	 technique	 employed,	 despite	 this	










dorsal	 regions.	 22	 To	 date	 the	 exact	 GAG	 and	 water	 profile	 of	 the	 normal	 equine	 DIPJ	
cartilage	 and	 its	 topographical	 variation	 have	 not	 been	 reported.	 However,	 inherent	







	 T1	values	of	 the	MP	articular	surface	were	 lower	 than	the	DP	articular	surface	also	
likely	reflecting	the	greater	GAG	content	of	the	DP	cartilage	due	to	the	continuous	loading	of	
this	articular	surface.	The	sale	size	of	 this	 study	was	 too	 low	to	create	a	 reliable	complete	
topographical	 T1	 relaxation	 time	 map	 of	 the	 normal	 DIPJ	 and	 this	 was	 not	 the	 study	








lesions	 seen	within	 a	 whole	 articular	 surface	was	 striking	 and	 supports	 the	 findings	 from	












is	 more	 of	 interest	 for	 the	 research	 setting.	 The	 dGEMRIC	 image	 acquisition	 is	 time	
consuming	 and	 needs	 the	 administration	 of	 a	 contrast	 agent,	 which	 is	 a	 disadvantage	 in	
equine	MRI.	Horses	 are	under	 general	 anaesthesia	 and	 repositioning	 the	horse	 after	 intra	









	 This	 study	 is	 the	 first	 to	 describe	 the	 normal	 and	 osteoarthritic	 appearance	 of	 the	
DIPJ	in	dGEMRIC.	The	current	data	indicate	that	varying	degrees	of	naturally	occurring	OA	in	
the	 DIPJ	 have	 a	 significant	 effect	 on	 dGEMRIC	 values.	 Further	 research	 investigating	 the	
relationship	 between	 relaxation	 times	 and	 cartilage	 GAG	 content	 should	 be	 under	 taken.	
Nevertheless,	this	study	lays	a	foundation	for	future	studies	investigating	promising	cartilage	
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Procedures	 -	Mean	T2	weighted	 relaxation	 times	of	predetermined	 sites	of	 the	DIPJ	were	
obtained.	 Corresponding	 cartilage	 sites	 were	 examined	 macroscopically,	 histologically	
(Safranin-O-Fast	 green,	 picrosirius	 red)	 and	 immunohistochemically	 (collagen	 type	 II).	
Cartilage	health	was	graded	macroscopically	and	histologically.	The	site`s	GAG	(µg/mg)	and	
water	 contents	 were	 determined.	 The	 T2	 values	 were	 correlated	 to	 the	 histologic	 and	
macroscopic	and	biochemical	data.	Generalized	linear	mixed	models	analysed	the	effects	of	








linear	mixed	model.	 The	T2	 values	negatively	 correlated	with	 the	water	 content,	 however	
not	with	 the	collagen	 structure	 (picrosirius	 red,	 collagen	 type	 II	 immunohistochemistry)	or	
the	GAG	content.		
	













	 One	 of	 the	 most	 robust	 techniques	 to	 assess	 the	 articular	 cartilage	 in	 vivo	 is	 MRI.	
Conventional	 MRI	 methods	 are	 based	 on	 imaging	 water	 content	 and	 have	 shown	
morphologic	 changes	 of	 the	 cartilage,	 representing	 already	 progressed	 stages	 of	 OA.	 1	
Biochemical	 and	 structural	 changes	 in	 the	 extracellular	 cartilage	 matrix	 precede	
morphological	 changes.	 These	 changes	 can	be	 evaluated	by	 relaxation	 time-coded	 colour-
maps.	 Different	 mapping	 techniques	 have	 been	 described	 in	 T2,	 T2*,	 T1rho	 and	 delayed	
gadolinium	enhanced	MRI	of	cartilage.	1,2		
	
	 The	 primary	 type	 of	 collagen	 in	 the	 articular	 cartilage	 is	 type	 II	 (90	 -	 95%	 of	 dry	












changes	 in	 T2	 values	 have	 been	 shown	 in	 the	 human	 knee.	 23,24	 Superficial	 cartilage	 was	
found	to	have	significantly	 longer	T2	values	compared	to	the	deeper	cartilage	 layer.	6,15	T2	
values	have	also	been	 reported	 to	be	age	dependent,	and	have	been	 reported	 to	become	








to	 measure	 normal	 cadaver	 cartilage	 thickness	 at	 the	 distal	 third	 metacarpal/metatarsal	
bone,	when	there	was	no	contact	between	opposing	cartilage	surfaces.	25	T2	mapping	of	the	
articular	 cartilage	 of	 equine	 stifle	 specimens	 helped	 differentiate	 reparative	 fibrocartilage	
following	 arthroscopic	 osteochondral	 autograft	 transplantation	 and	 microfracture	
arthroplasty	from	normal	hyaline	cartilage.	26	T2	mapping	in	addition	to	histopathology	was	
used	to	compare	the	repair	of	full	thickness	cartilage	defects	on	the	lateral	trochlear	ridge	of	




	 This	 equine	DIPJ	 cadaver	 study	aimed	at	1)	 investigating	T2	mapping	 techniques	 in	
normal	 hyaline	 cartilage,	 2)	 testing	whether	 T2	mapping	 can	 identify	 different	 degrees	 of	
naturally	occurring	OA	and	3)	correlating	T2	relaxation	times	with	the	cartilage`s	GAG,	water	
content	 and	 collagen	 structure	 described	 on	 picrosirirus	 red	 sections	 and	 collagen	 type	 II	
immunohistochemistry.	
	







	 Of	 twelve	Warmblood	horses	aged	15.2	±	9.2	 (6	 -	32	years)	euthanized	 for	 reasons	
















	 The	 DIPJs	 were	 disarticulated	 and	 the	 cartilage	 surface	 of	 the	 distal	 MP	 and	 the	








	 Osteochondral	 cores	 (8	 mm	 in	 diameter)	 were	 cut	 from	 the	 distal	 MP	 and	 the	






	 Three	ROIs	were	analysed	for	 the	each	midcondylar	and	central	 intercondylar	scan.	
ROIs	were	defined	(see	Figure	1,	chapter	II).	Using	commercially	available	softwared	T2	bulk	




	 The	 osteochondral	 samples	 were	 fixed	 in	 4%	 paraformaldehyde	 for	 48	 hours,	
decalcified	 in	 25%	 EDTA	 for	 4	 weeks,	 embedded	 in	 paraffin	 and	 sections	 were	 cut	 and	





	 For	 immunohistochemical	 staining	 of	 collagen	 type	 II	 sections	 were	 dewaxed,	




	 Safranin-O-Fast	 green	 stains	were	assessed	by	 three	blinded	observers	 (AB,	RF	and	
AB	 supervised	 by	 MH),	 were	 scored	 for	 degenerative	 changes	 using	 a	 modified	 Mankin	




Picrosirius	 red	 stains	 were	 graded	 by	 two	 blinded	 observers	 and	 scored	 for	 degenerative	
changes	using	polarised	light	microscopyh	to	assess	collagen	structure	32	(0	=	normal;	1	=	loss	
of	integrity	of	1/3	of	cartilage	thickness;	2	=	loss	of	integrity	of	2/3	of	cartilage	thickness;	3	=	
loss	of	 integrity	of	3/3	of	cartilage	 thickness)	and	a	mean	overall	 score	was	calculated	per	
section	 for	 each	 observer.	 A	 loss	 of	 integrity	 was	 defined	 as	 a	 loss	 of	 the	 collagen	
architecture	 in	 comparison	 to	normal	 articular	 cartilage.	All	 sections	were	 assessed	at	 the	
angle,	 which	 resulted	 in	 the	 maximum	 birefringence	 of	 the	 articular	 surface.	 33	 Order	 of	
collagen	 and	 fibril	 thickness	 determines	 the	 polarization	 color	 of	 the	 red	 stained	 type	 II	
collagen.	Briefly	highly	ordered	thick	collagen	fibers	are	bright	yellowish-orange	color	(highly	
birefringent),	 thin	 fibers	 are	 green-yellowish	 color	 (mildly	 birefringent)	 and	 non-ordered	
collagen	(non-birefringent)	is	dark.	33	
	
	 Immunohistochemical	 sections	 were	 graded	 by	 two	 blinded	 observers	 and	 scored	










































	 The	 database	 was	 established	 in	Microsoft	 Excel.	 The	 interobserver	 reliability	 was	
tested	 with	 an	 ICC	 for	 the	 histological	 scores	 (mean	 Mankin	 score,	 mean	 picrosirius	 red	
scores,	 mean	 immunohistochemical	 scores)	 and	 the	 mean	 T2	 relaxation	 times.	 Average	
measures	 were	 reported,	 whereby	 ICC	 	 >	 0.7	 =	 good,	 ICC	 	 >	 0.8	 =	 optimal,	 ICC	 	 >	 0.9	 =	
excellent.	A	Kolmogorov-Smirnoff	test	of	normality	was	used	to	evaluate	the	distribution	of	
the	data.	Results	of	parametric	data	were	displayed	as	mean	±	standard	deviation.	Results	of	
nonparametric	 data	 were	 displayed	 as	 median	 (range).	 Of	 all	 observers	 an	 overall	 mean	
Mankin	 score,	 overall	 mean	 picrosirius	 red	 score	 and	 overall	 mean	 immunohistochemical	




between	 the	 T2	 relaxation	 times,	 the	 cartilage	 GAG	 concentration,	 the	 cartilage	 water	
content,	 the	 cartilage	 macroscopic	 and	 histological	 scores	 were	 investigated	 using	
Spearman`s	 non-parametric	 correlations.	 The	 analysis	was	 performed	using	 software	 SPSS	
21.0I	
	 A	 generalized	 linear	 mixed	 model	 approach	 was	 used	 to	 analyse	 the	 relationship	
between	 the	 dependent	 variable	 T2	 relaxation	 time	 (ms)	 and	 the	 independent	 variables	
cartilage	 surface	 (MP/DP),	 cartilage	 zones	 ([condyle/condylar	 groove]	 and	
[dorsal/central/palmar]),	 macroscopic	 cartilage	 scores	 (0-3)	 and	 cartilage	 health	 (no/mild-


















following	 T2	 relaxation	 times	 (ms)	 were	 found:	 Normal	 cartilage:	 31	 (19	 -	 47);	 soft,	
discolored,	swollen	cartilage	(score	1):	30	(21	-	55);	cartilage	with	partial	thickness	fissures,	
fragmentation	 or	 erosion	 (score	 2):	 35	 (22	 –	 62)	 and	 cartilage	with	 full	 thickness	 fissures,	
fragmentation	 or	 erosions	 (score	 3):	 38	 (24	 -	 54).	 Evidence	 of	 macroscopic	 degenerative	
cartilage	changes	did	not	have	a	significant	effect	(P	>	0.2)	on	the	T2	relaxation	times	in	the	
generalized	 linear	mixed	model.	 Cartilage	macroscopic	 scores	 significantly	 correlated	with	
the	 histological	 scores	 (mean	 overall	 Mankin	 score:	 rs	 =	 0.71,	 P	 <	 0.0001;	 mean	 overall	



















evidence	 of	 green	 and	 yellow	 pixels	 through	 the	 whole	 normal	 blue	 cartilage.	 The	 demarcation	 of	 the	

























Table	 2:	 Median	 (range)	 and	 95%	 confidence	 intervals	 (CI)	 of	 T2	 relaxation	 times	 of	 the	 independent	
parameters	included	in	the	generalized	linear	mixed	model.	Abbreviation:	mod.	=	moderate.	
	










(29	 [21-54])	 (P	 <	 0.001).	 Whether	 cartilage	 was	 situated	 on	 the	 articular	 surface	 of	 the	
proximal	DP	or	the	distal	MP	(P	>	0.2),	or	which	the	cartilage	health	status	was	(P	>	0.2),	did	






















Figure	 2:	 Representative	 Safranin-O-Fast	 green	 histological	 (1-3A,	 also	 shown	 in	 chapter	 II,	 Fig.	 3D)	 and	
collagen	 type	 II	 immunohistochemical	 (1-3B,	 also	 shown	 in	 chapter	 II,	 Fig.	 3H)	 and	 picrosirius	 red	 (1-3C)	
histological	 sections	of	 specimens	with	different	 lesion	severities.	1A:	 In	normal	hyaline	cartilage	 there	was	a	










focal	 loss	 of	 staining	 in	 all	 the	 hyaline	 cartilage	 and	 marked	 chondrocyte	 cluster	 formation.	 Cracks	 in	 the	
calcified	cartilage	are	present	and	there	is	a	decreased	amount	and	size	of	bone	lacunae	underneath	the	hyaline	








	 In	 normal	 articular	 cartilage	 the	 overall	 GAG	 concentration	was	 60.0	 μg/mg	 (21.0-
104.2)	and	the	water	content	was	71.0	%	(59.2-83.0).	When	cartilage	had	evidence	of	mild	to	




correlated	with	 the	mean	Mankin	 score	 (rs:	 0.34,	 P	 <	 0.001)	 and	 the	mean	picrosirius	 red	
score	 (rs:	0.44,	P	=	0.008),	however	did	not	correlate	with	 the	mean	 immunohistochemical	
score	 (rs:	 0.09,	 P	=	0.077).	 The	 cartilage	GAG	concentration	was	positively	 correlated	with	








DIPJ	hyaline	cartilage,	 to	 investigate	whether	T2	mapping	can	 identify	different	degrees	of	
naturally	occurred	OA	and	to	correlate	cartilage	relaxation	times	with	cartilage	water,	GAG	
content	 and	 collagen	 type	 II	 structure	 described	 on	 picrosirirus	 red	 sections	 and	 collagen	
type	II	immunohistochemistry.	It	was	shown	that	the	T2	mapping	technique	is	feasible,	that	







model.	 Thus	we	need	 to	 assume	 that	 T2	mapping	was	not	 sensitive	enough	 to	depict	 the	
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diseased	 cartilage	 samples.	 So	 there	 were	 maybe	 too	 few	 severely	 diseased	 samples	 in	
comparison	to	the	other	two	cartilage	health	groups.	Also	that	fact	that	cadavers	were	used	
needs	to	be	kept	 in	mind,	despite	there	having	been	 investigations	showing	that	dGEMRIC	
T1	 and	 T2	 relaxation	 times	 were	 similar	 in	 fresh,	 chilled	 and	 frozen	 cadaver	 limbs	 a.	 The	
transverse	 relaxation	 time	T2	 is	 sensitive	 to	 slow-moving	protons	 and	 is	 a	 function	of	 the	
water	 content,	 the	 collagen	 content	 and	 orientation	 of	 the	 highly	 anisotropic	 ordered	
collagen	fibrils	 in	the	extracellular	matrix.	1	 (Also	supported	by	the	fact	that	water	content	
negatively	 correlated	with	T2	values	 in	 this	 study).	The	water	 content	and	motion	may	be	








condyles	 compared	 to	 the	 intercondylar	 grooves.	 The	 topographical	 variation	 of	 MRI	
parameters	 is	well	 known	 in	 the	human	knee.	 23	 This	 variation	 is	 likely	 a	 reflection	of	 the	
articular	 cartilages	 response	 to	 physiological	 loading	 and	 the	 relationship	 between	 the	
biomechanical	 and	 biochemical	 constitution	 of	 the	 tissue,	 resulting	 in	 different	 relaxation	
times.	 The	 topographical	 differences	 shown	 here	 are	 important	 and	 should	 be	 taken	 into	
account	when	interpreting	MRIs	of	the	equine	DIPJ	cartilage.	
	
	 In	human	articular	cartilage	the	sensitivity	of	T2	values	 to	 the	collagen	architecture	
has	been	confirmed	by	comparison	with	polarized	microscopy.	36,37	The	scoring	system	used	









Collagen	 type	 II	 fibers	 were	 assessed	 qualitatively	 with	 a	 polarizing	 microscope.	
Polarization	color	depends	on	the	thickness	of	the	fibers.	Studies	have	shown	that	thin	fibers	
appear	 yellow	 to	 green,	 while	 thicker	 fibers	 polarize	 in	 a	 longer	 wavelength,	 showing	 an	
orange	to	red	appearance.	However	not	only	fiber	thickness	but	also	fiber	organization	and	
package	plays	an	important	role.	Dense	packed	and	well-aligned	collagen	fibers	also	polarize	
in	a	 longer	wavelength	 (orange	 to	 red).	Collagen	 type	 II	 fibers	of	 the	 superficial	 zones	are	
highly	ordered	and	polarized	in	an	orange	color.	In	areas	with	integrity	loss	the	fibers	have	a	
dark	 appearance	 because	 non-ordered	 collagen	 type	 II	 fibers	 do	 not	 behave	 birefringent.	
Healthy	 cartilage	 sections	 showed	 a	 relative	 homogenous	 staining	 while	 staining	 became	
more	 irregular	 in	 secions	 with	 higher	 grades	 of	 OA.	 Sections	 with	 OA	 only	 had	 loss	 of	
birefringence	 in	 the	 areas	of	 the	 lesion,	while	 the	other	 zones	of	 the	 secion,	which	had	a	
regular	surface	polarized	 in	an	orange	color.	An	advantage	of	 this	method	 is,	 that	also	the	
structure	 of	 cartilage	 can	 be	 examined.	 Beside	 the	 polarization	 of	 the	 collagen	 fibers,	
fibrillation,	 fissures	 and	 erosions	 are	 also	 visible,	 providing	 additional	 information	 about	






In	 our	 study	 the	 surface	 of	 a	 healthy	 articular	 cartilage	 always	 had	 a	 light	 brown	
staining	 on	 immunohistochemical	 sections.	 This	 could	 be	 the	 consequence	 of	 the	 normal	
wear	 and	 tear	 in	 the	 articular	 cartilage	 metabolism.	 One	 would	 expect	 a	 homogenous	
staining	 throughout	 normal	 cartilage.	 Possibly	 the	 antibody	 could	 penetrate	 more	 when	
cartilage	was	degraded	compared	to	normal	cartilage	leading	to	the	inhomogenous	staining.	
Because	the	cartilage	surface	was	smooth	and	constant	and	showed	no	signs	of	early	stages	




content	 of	 cleavage	 products	 and	 this	 increased	with	 the	 increasing	 severity	 of	OA	 in	 the	
cartilage	 specimens.	 This	 presumption	 was	 confirmed	 by	 the	 fact	 that	 the	
immunohistochemistry	 score	 significantly	 correlated	with	 the	mean	 overall	Mankin	 score.		
An	advantage	of	using	immunohistochemistry	to	describe	collagen	type	II	is	that	other	signs	











from	 over	 load	 injuries	 as	 well	 as	 age	 related	 OA.	 According	 to	 various	 studies,	 regional	
variations	of	cartilage	T2	values	are	also	affected	by	age,	because	ageing	affects	the	collagen	
matrix	changes	and	reorganization.	38	The	effect	of	age	on	T2	relaxation	times	was	not	taken	




in	 equine	 cartilage	 and	 should	 be	 kept	 in	 mind	 and	 may	 be	 subject	 to	 further	 cartilage	
segmentation	studies.		
	
	 T2	mapping	 is	a	convenient	sequence	to	be	used	 in	equine	MR	because	there	 is	no	








however	 not	with	 the	 collagen	 structure	 or	 the	 GAG	 concentration.	 However	 against	 our	
hypothesis	 T2	 mapping	 was	 not	 sensitive	 enough	 to	 detect	 varying	 degrees	 of	 naturally	
occurring	OA	in	the	DIPJ.	A	follow	up	study	with	more	samples	of	severely	diseased	cartilage	
should	 be	 performed	 to	 test	 the	 sensitivity	 of	 the	 imaging	 sequence	 in	 equine	 hyaline	
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	 In	 terms	of	T2	mapping	a	 follow	up	cadaver	 study	should	be	performed	with	more	
extreme	grades	of	OA	to	establish	whether	T2	maps	can	be	used	to	identify	more	severe	OA	






human	 knee.	 70,94,110	 Superficial	 cartilage	was	 found	 to	 have	 significantly	 longer	 T2	 values	
compared	 to	 the	 deeper	 cartilage	 layer.	 70,63	 In	 our	 study	 (chapter	 III)	 “bulk”	 T2	 average	
values	throughout	the	full	depth	of	normal	and	diseased	articular	cartilage	were	established.	
Future	 studies	 should	aim	at	differentiating	 superficial	 and	deep	cartilage	 layers.	We	have	
attempted	to	do	this	in	a	preliminary	study	of	6	of	the	normal	DIPJs,	where	we	could	show	
that	the	T2	value	of	the	superficial	cartilage	was	twice	as	long	(66.9	±	24.6	ms	(47.9-104.4))	
than	 the	 T2	 value	 of	 the	 deep	 cartilage	 (35.7	 ±	 7.6	 ms	 (28.0-45.9))	 following	 manual	
segmentation	 of	 the	 normal	 DIPJ.	 Further	 research	 needs	 to	 attempt	 to	 differentiate	





	 In	 human	 knee	 cartilage	 T1	 values	 also	 show	 spatial	 variations	 (low	 values	 at	 the	
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